Introduction
Copper, as one of the essential trace elements used to maintain normal life activities, plays a very important role in many biological process and systems. However, it is an environmental pollutant at high concentration, 1, 2 and an excess concentration of Cu 2+ in the human body can cause many serious diseases, such as Alzheimer's, 3 Parkinson's 4 and Menke's disease. 5 Similarly, Fe 3+ is of great importance in many fundamental physiological processes, which plays an indispensable role in the growth and development of living systems. 1 Especially, Fe 3+ is widely retained in many proteins and enzymes either for structural purposes or as part of a catalytic site. 6 Therefore, it is crucial to detect Fe 3+ and Cu 2+ not only in our body, but also in the environment.
To date, a number of detection methods have been developed and intensively investigated, mainly including the spectrophotometric method (with a detection limit of 0.04 mg/L), 7 flame atomic absorption spectrometry (the detection limit of Cu and total Fe is 0.02 and 0.03 mg/L, respectively), 8 inductively coupled plasma-atomic emission spectrometry (ICP-AES, with a detection limit of Cu and the total Fe is 0.01 and 0.03 mg/L, respectively, and Fe, Al, Ti can interfere with Cu), 9 inductively coupled plasma-mass spectrometry (ICP-MS, detection limit of Cu is 0.03 μg/L), 10 and electrochemistry, such as anodic stripping voltammetry (with a detection limit is 0.5 μg/L for Cu). 11 Despite the high sensitivity and low detection limits, these methods require expensive equipment and complicated sample pretreatment procedures, which cannot be realized for outdoor detection. 12 Furthermore, most of these methods can only detect the total Fe, but cannot give the Fe 3+ concentration directly. Therefore, designing a simple, rapid, and highly selective method for simultaneously detecting Cu 2+ and Fe 3+ is of great importance and highly desirable.
Rhodamine derivatives are non-fluorescent, colorless, and have a spirolactam structure, which provide very weak fluorescence strength and UV absorption. When induced by specific metal ions, the corresponding spirolactam ring opens, which brings about strong UV absorption and fluorescence enhancement along with an apparent color change. 12, 13 Therefore, Rhodamine derivatives are ideal "off-on" chemosensors for its particular structural and excellent photophysical properties, which have been developed extensively to detect metal ions. Original Papers advantageous approach for the recognition and measurement of Cu 2+ and Fe 3+ with excellent performance, such as high selectivity and sensitivity, rapid detection, low detection limit, low cost of equipment, and ease of operation.
A Rhodamine-based
More recently, however, a new chemosensor design concept of a "single sensor for multiple analytes", namely a dual sensor, has emerged, and has received increasing attention. 14, 22, 23 Compared with traditional one-to-one normal sensors and their corresponding analytical methods, a dual sensor can recognize multiple targets metal ions simultaneously by a chemosensor using a single detection methods, or an array of detection methods, which makes it more efficient, more versatile, less expensive, and widens its range of applicability with operational simplicity. 1, 14, [23] [24] [25] The Rhodamine-based sensors for detecting metal ions were collected, and are listed in Table 1 . As shown in Table 1 , the Rhodamine-based dual sensor with high sensitivity and selectivity toward Fe 3+ and Cu 2+ simultaneously has not yet been studied in-depth. 1 Herein, we designed and synthesized a dual chemosensor of L1 for detecting Fe 3+ with fluorescence spectra and Cu 2+ by using UV-Vis absorption spectroscopy, investigated its spectral characteristics, detection capacity and proposed its recognition mechanism. The results will help us to design new dual chemosensors for rapid metal ions detection.
Experimental

Reagents and chemicals
Rhodamine B was purchased from Tianjin Kermel Chemical Reagents Development Centre; 2-thiophene formaldehyde and all hydrazine hydrate were purchased from Sinopharm Chemical Reagent Co., Ltd. The metal ion solutions were obtained from their nitrate and chloride salts. Distilled water was used throughout the experiments.
Apparatus
The fluorescence spectra were recorded with a Thermo Scientific Lumina fluorescence spectrophotometer (Thermo Fisher Scientific Co., USA). The UV-Vis absorption spectra were measured on a UV-2550 spectrophotometer (Shimadzu Co., Japan). The 1 H NMR spectra were carried out on a Bruker Avance III 300 MHz spectrometer (Bruker Co., Switzerland). The MS spectra were obtained on TSQ quantum-HPLC/MS spectrometer (Finnigan Co., USA).
General spectroscopic methods
Stock solutions (1.0 mmol/L) of metal ions in distilled water were prepared, and a stock solution of the chemosensor L1 (20 μmol/L) was also prepared with methanol.
Then, a 5.0-mL L1 stock solution (20 μmol/L), 1.0 mL metal ions (1 mmol/L) were added into a 10-mL volumetric tube, respectively. A test solution was obtained by diluting the mixture to 10-mL with water. The fluorescence intensity of the test solution was recorded at 582 nm, while the excitation wavelength was at 550 nm. The excitation and emission slit widths were both 5 nm.
The association constants K of reactions between L1 and cations (Cu
2+ /Fe 3+ ) The data obtained from Job's plot and the ESI-MS spectrum indicated that the binding ratio was 1:1 between L1 and cations in solution, so the equilibrium of reaction between L1 and Cu 2+ is given by the following equation:
The association constant, K, can be expressed as 
and can be transformed to
The absorbance is given by
Here, A is the absorbance of L1 obtained with Cu 2+ , Amin is the absorbance of L1 without cations, and Amax is the absorbance of L1 in the presence of an excess amount of Cu 2+ . In the presence of an excess amount of Cu 
Thus, 
The derivation process of the association constants, K, of the reaction between L and Fe 3+ is similar as above, and the association constants K of the reaction between L and Fe 3+ is similar to Eq. (7)
Here, F is the fluorescence intensity of L1 obtained with Fe 3+ , Fmin is the fluorescence intensity of L1 without cations, Fmax is the fluorescence intensity of L1 in the presence of excess amount of Fe 3+ , and C2 represent the initial concentrations of Fe 3+ .
Results and Discussion
Synthesis and characterization of L1
Rhodamine-based chemosensors transduced by simply opening the spirolactam ring upon binding metal ions provide an ideal model for the design of light "off-on"sensors. Also, the recognition group of the sensor should possess atoms with an unshared pair of electrons that can form chelates with metal ions. Also, since the metal ions that we want to detect are some essential trace elements, such as Fe 3+ and Cu 2+ , these metal ions have a moderate diameter, so the recognition group with an average space was chosen when we design the sensor. A chemosensor of L1 has been achieved by a two-step reaction using Rhodamine B and 2-thiophene formaldehyde, as shown in Scheme 1. 55 , 56 1 H NMR spectra and ESI-MS data (Figs. S1 -S2, Supporting Information) well supported the structure of L1.
The selectivity of L1 to different metal ions
The selectivity of L1 to different metal ions was studied. As shown in Fig. 1a, by adding 10 3+ and Al 3+ could cause a tiny enhancement of the fluorescence intensity. Meanwhile, we detected the UV-Vis absorption spectra after adding metal ions. Figure 1b shows that the solution gave a purple color and produced a significant enhancement in UV-Vis absorbance upon the addition of Cu 2+ . Other metal ions, except for Al 3+ , Cr 3+ and Fe 3+ , did not cause any distinct enhancement in UV-Vis absorbance. Therefore, L1 is an excellent dual chemosensor, which demonstrates high selectivity toward Fe 3+ in fluorescence, and is sensitive for Cu 2+ in UV-Vis spectroscopy.
Interference of competitive metal ions
Metal ions competition experiments were conducted by adding Fe 3+ and Cu 2+ solutions in the presence of other competitive components, as shown in Fig. 2 . This shows that among these competitive metal ions, Cr 3+ and Al 3+ had only a slight interference on fluorescent enhancement upon the subsequent addition of Fe 3+ , but in contrast Cu 2+ had quenched the fluorescence under the same condition; similar to the competition between Fe 3+ and other metal ions, Fig. 2b demonstrates that there was no significant influence on UV-Vis absorbance upon the addition of Cu 2+ solutions in the presence of other competitive metal ions. Therefore, L1 has an excellent performance concerning both selectivity and sensitivity for targeted metal ions.
The recognition time for targeted metal ions
In order to study the detection capacity, 10 μmol/L L1 was introduced to react with 10 equiv. of Fe 3+ and Cu
2+
, respectively. The time dependent fluorescence intensities and UV-Vis absorbance of the recognition reactions between L1 and the metal ions were recorded, and are displayed in Fig. 3 , respectively. As shown in the figure, L1 can recognize Fe 3+ and Cu 2+ in nearly 5 min. Therefore, it has a rapid detection capacity for targeted metal ions of Fe 3+ and Cu 2+ , which widens its range of applicability concerning the rapid detection of heavy metals.
Detection limits
The changes in the fluorescence intensity and the UV-Vis absorbance with increasing concentrations of Fe 3+ and Cu 2+ in CH3OH-H2O (1:1, v/v, pH 7.2) were recorded, as shown in Fig. 4 . The fluorescence intensity and UV-Vis absorbance gradually increased with increasing Fe 3+ and Cu 2+ concentrations, which exhibits good linear correlations in the concentration range of 0 -50 μmol/L for Fe 3+ (R 2 = 0.999) and 0 -5 μmol/L for Cu 2+ (R 2 = 0.995), respectively (insets in Fig. 4) . Based on the definition by IUPAC, D = 3δ/k (where δ is the standard deviation of the blank solution, and k is the slope of the calibration plot), 12, 23 the detection limit for Fe 3+ was 9.2 × 10 -8 mol/L (5.5 μg/L), while for Cu 2+ it was calculated to be 3.8 × 10 -8 mol/L (2.4 μg/L). L1 exhibited a greater prominent selectivity and lower detection limits compared to the performance of another Rhodamine-based dual chemosensor for Cu 2+ and Fe 3+ , reported in previous studies, 1 whose detection limits was 9.0 × 10 -8 mol/L for Fe 3+ and 2.5 × 10 -7 mol/L for Cu 2+ , respectively.
Proposed recognition mechanism
In order to understand the recognition mechanisms of L1 toward Cu 2+ and Fe 3+ , the mole ratios of L1 to the targeted metal ions were investigated when the total concentrations of L1 and targeted metal ions was 100 μmol/L. The Job's plot showed the reaction of L1 with Fe 3+ at a concentration ratio of 0.5, which implied that the complex ratio was 1:1, as shown in Fig. 5a . However, for Cu 2+ the maximum absorbance was obtained when the concentration ratio of [L1]/[L1+Cu 2+ ] was 0.2 in Fig. 5b . It shown similar results when the total concentrations were 50, 100, and 200 μmol/L, respectively.
To determine the complex ratio between L1 and Cu
2+
, excess Cu 2+ was added in the L1 solution, and the ESI-MS spectrum of the mixtures solution was obtained, as shown in Fig. 6 .
As shown in Fig. 6 , there were two main peaks at 551.1 and 648.0, which correspond to [L1+H] + and [L1+Cu+Cl] + , respectively. Thus, the results illustrate that the binding ratio was 1:1 between L1 and Cu 2+ in solution. According to the above results, the recognition mechanisms of L1 with Fe 3+ and Cu 2+ are proposed in Scheme 2.
The reversibility of the interaction between L1 and analytes
The reversibility of the chemosensor is an important characteristic concerning its biological applications. For example, the reversible chemosensor can monitor dynamic changes in the environment or biological samples. To investigate the reversibility of L1, EDTA was introduced as strong affinitive agent for analytes based on its strong chelating capacity with cations, which is 6.3 × 10 18 L/mol and 1.3 × 10 25 L/mol for Fe 3+ and Cu 2+ , respectively. Similar to most Rhodamine-based fluorescent probes described in previous studies, L1's selective recognition for Fe 3+ is a fluorescence-enhanced process. The binding of Fe 3+ is due to a ring-open mechanism; also, the Fe 3+ chelates with O, N and S atoms. Concerning the fluorescence and UV-Vis absorption spectrum of 10 μM L1 with 10 equiv. of Cu 2+ upon the addition of increasing concentrations of EDTA in CH3OH-H2O (1:1, v:v, pH 7.2). The fluorescence intensities were recorded at 582 nm, and the UV-Vis absorbances were recorded at 558 nm, the results are shown in Fig. 7 .
The association constant K of L1 with Fe 3+ and L1 with Cu 2+ was determined using the equation shown in section above, and K of L1 with Fe 3+ was calculated to be 7.4 × 10 4 L/mol, while K of L1 with Cu 2+ was 7.1 × 10 5 L/mol, which is far less than the association constant of EDTA with metal ions. As a consequence, the complex of L1-cations will dissociate, and form a complex of EDTA-cations. On one hand, the complex of L1 with Cu induced the spirolactam ring opening, while emitting strong fluorescence; on the other, Cu 2+ can lead to fluorescence quenching for its "heavy atom effect". When EDTA was added into solution, it would capture the quenched Cu 2+ , and thus the fluorescence appeared. If EDTA was still increased, the excess EDTA would catch Cu 2+ bound with L1, which caused the fluorescence intensity and UV-Vis absorbance to decrease. This coordination mode was supported by the Job's plot shown in Fig. 5 .
Conclusions
In conclusion, a novel dual chemosensor of L1 based on Rhodamine B for the detection of Fe 3+ and Cu 2+ has been designed and synthesized with low-cost. L1 displayed highly selectivity and sensitivity for recognizing Fe 3+ in fluorescence spectra and Cu 2+ in UV-Vis spectroscopy. The detection limit was 9.2 × 10 -8 M (5.5 μg/L) for Fe 3+ and 3.8 × 10 -8 M (2.4 μg/L) for Cu 2+ , respectively. The detection capacity for targeted metal ions of Fe 3+ and Cu 2+ was studied, which was less than 5 min. Job's plot method of L1 with Fe 3+ and ESI-MS of L1 with Cu 2+ indicated a 1:1 stoichiometry in the complex. The results may contribute to the design of novel Rhodamine-based dual chemosensors for rapid metal ions detection.
